Geometric morphometric analysis of shark teeth of the genus Rhizoprionodon: the modern, the ancient, and the hypothetical : modern tooth shape analysis and test of ancestor prediction methods by comparison to fossil shapes by Garry, Aspen
Retrospective Theses and Dissertations Iowa State University Capstones, Theses and Dissertations 
1-1-2003 
Geometric morphometric analysis of shark teeth of the genus 
Rhizoprionodon: the modern, the ancient, and the hypothetical : 
modern tooth shape analysis and test of ancestor prediction 
methods by comparison to fossil shapes 
Aspen Garry 
Iowa State University 
Follow this and additional works at: https://lib.dr.iastate.edu/rtd 
Recommended Citation 
Garry, Aspen, "Geometric morphometric analysis of shark teeth of the genus Rhizoprionodon: the modern, 
the ancient, and the hypothetical : modern tooth shape analysis and test of ancestor prediction methods 
by comparison to fossil shapes" (2003). Retrospective Theses and Dissertations. 19971. 
https://lib.dr.iastate.edu/rtd/19971 
This Thesis is brought to you for free and open access by the Iowa State University Capstones, Theses and 
Dissertations at Iowa State University Digital Repository. It has been accepted for inclusion in Retrospective Theses 
and Dissertations by an authorized administrator of Iowa State University Digital Repository. For more information, 
please contact digirep@iastate.edu. 
Geometric morphometric analysis of shark teeth of the genus 
Rhizoprionodon: The modern, the ancient, and the hypothetical. 
Modern tooth shape analysis and test of ancestor prediction methods by 
comparison to fossil shapes 
by 
Aspen Garry 
A thesis submitted to the graduate faculty 
in partial full llment of the requirements for the degree of 
MASTER OF SCIENCE 
Major: Ecology and Evolutionary Biology 
Program of Study Committee 
Dean C. Adams, Co-major Professor 
Gavin J. P. Naylor, Co-major Professor 
Donna Surge 
Iowa State University 
Ames, Iowa 
2003 
Copyright ©Aspen Garry, 2003. All rights reserved. 
11 
Graduate College 
Iowa State University 
This is to certify that the master's thesis of 
Aspen Garry 
has met the thesis requirements of Iowa State University 
Signatures have been redacted for privacy 
111 
TABLE OF CONTENTS 
LIST OF FIGURES iv 
LIST OF TABLES v 
ABSTRACT vi 
CHAPTER I. GENERAL INTRODUCTION 1 
CHAPTER 2. GEOMETRIC MORPHOMETRIC ANALYSIS OF SHARK TEETH 
OF THE GENUS RIIIZ~PRIONODON: THE MODERN, THE ANCIENT, AND 
THE HYPOTHETICAL. MODERN TOOTH SHAPE ANALYSIS AND TEST OF 
ANCESTOR PREDICTION METHODS BY COMPARLSON TO FOSSIL SHAPES 9 
Abstract 9 
Introduction 10 
Materials and Methods 12 
Results 19 
Conclusions and Discussion 28 




LIST OF FIGURES 
Figure 1. Consensus tooth calculated using 829 fossil and modern teeth. 14 
Figure 2. Rag-1 tree with relative branch lengths. 18 
Figure 3. PCA plots of all 829 teeth. 21 
Figure 4. PCA plot of all 829 teeth. Color coded by jaw. 22 
Figure 5. Average jaw trajectories. 23 
Figure 6. Quadratic curves fit to average jaw trajectories. 25 
Figure 7. Shape comparison of homologized modern teeth, ancestral estimates, 
and fossil teeth. 26 
Figure 8. Shape comparison of homologized modern teeth and ancestral estimates 
from each jaw, and fossils. 27 
V 
LIST OF TABLES 
Table 1. MANCOVA results for comparison of different species, types, and jaws. 24 
Vl 
ABSTRACT 
Shark teeth are extremely common in the fossil record, and they can potentially 
provide insight into the evolutionary history of sharks. However, isolated. fossil teeth are 
difficult to assign to the correct jaw, position, and taxon without organismal context because 
individual sharks exhibit a variety of tooth shapes. Tooth shape varies across jaws, positions 
within each jaw, and taxa. 
Fortunately, tooth shape is quantifiable, and shapes can be compared using the 
techniques of geometric morphometrics, which measure shape and its covariation with other 
variables. Analysis of modern tooth shapes was performed in order to gain understanding of 
patterns of modern tooth shape variation. These results could then be applied to fossils to 
provide better identification of fossils in order to make use of sharks' extensive fossil record. 
To quantify modern patterns of tooth shape variation, teeth of five Rhi~opj~ionodon 
species and representative of three closely related genera (Loxodon, Eusplr1>>~a, and Sphyj~na) 
were quantified and analyzed using geometric morphometric methods. Ancestral tooth 
shapes were estimated using the modern shape data mapped onto a phylogeny created using 
molecular data, and a Brownian motion model of evolution. These shapes were compared to 
fossil teeth from Rhi~oprionodon sp. and Sphy~~na .S,pp. to evaluate the accuracy of the 
estimated ancestral shapes. 
Modern teeth at the front of the jaw displayed the most dramatic shape differences 
between jaws and positions. Teeth from each genus could be distinguished, but species 
within Rhizoprionodon could not. Fossil tooth shapes most closely resembled those of 
modern teeth, indicating that tooth shape did not change according to the Brownian motion 
model used to predict ancestral shapes. 
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CHAPTER 1. GENERAL INTRODUCTION 
As biologists, we are curious about the world around us. we ask questions about how 
things are, how they got to be that way, and what they used to be like. In order to answer 
questions about the past, we must rely on inferences based on the current state of the world. 
Sometimes clues about the past have been left behind in the form of fossilized remains of 
ancient organisms. Sharks are an excellent group to examine because they have a very rich 
fossil record in the form of isolated teeth. However, isolated fossil teeth are difficult to assign 
to the correct jaw, position, and taxon without organismal context because individual sharks 
exhibit a variety of tooth shapes. In order to utilize the fossil record of sharks, tooth shape 
patterns must be understood. Those patterns can then be extended to understand patterns of 
shape variation among fossil teeth. Because the taxa examined are close relatives, the effects 
of phylogeny must be eliminated so that shapes can be compared as independent samples. 
For this purpose, ancestral tooth shapes were estimated and compared to both the modern and 
fossil shapes. Geometric morphometric analysis provided the tools for quantifying and 
analyzing tooth shapes. Phylogenetic comparative methods provided the tools to create 
ancestral estimates. 
Sharks 
Sharks are a very long-lived group. Since the earliest appearance of "modern" sharks 
in the late Triassic, more than 210 million years ago (Pough et al. 1996), they have survived 
numerous fluctuations in the Earth's environment. Their survival through these changes 
suggests a remarkable versatility that has enabled sharks to develop specific features that 
allow them to inhabit a wide range of environments from tropical seas to deep oceans, and 
even fresh water (Compagno 1984). 
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In spite of their long geologic history, much of their evolutionary history remains a 
mystery. Study of fossilized remains has answered questions about the diversity, ecology and 
paleoenvironments of many ancient organisms, but the same detailed information cannot be 
gleaned as easily from the fossil record of sharks. Taphonomy, the physical and chemical 
degradation of remains between death and excavation, affects sharks because although they 
are vertebrates, they have acartilaginous/non-calcified skeleton that is very susceptible to 
taxoonomic processes. The only hard parts of sharks that remain over geologic time are the 
occasional vertebral centra, dermal denticle microfossils, and lots and lots of teeth (Maisey 
1984). Sharks continuously lose, produce, and replace teeth throughout their life, resulting in 
thousands of teeth per individual potentially preserved as fossils. However, using fossil shark 
teeth to decipher the long evolutionary history of sharks is still difficult because teeth are not 
lost, deposited, or preserved in any meaningful order. Because they almost always exist as 
individual teeth, assigning fossils to a taxonomic group proves difficult without organismal 
context. 
Shark tooth shape varies in a number of ways. They exhibit dignathic heterodonty 
(shape difference between upper and lower jaws), mongnathic heterodonty (shape difference 
between teeth at different positions within a single jaw), and intraspecific heterodonty (shape 
difference between taxa). Heterodonty makes teeth difficult to assign to a species, jaw, and 
position within the jaw. Currently, many extinct shark species are defined by a few teeth 
discovered at one locality. Describing a new shark species for every new tooth shape is 
unwise given the known range of variation in extant species. Fortunately, shape change is 
systematic in sharks, and their tooth shapes are describable, quantifiable, and analyzable, as 
are trends in shape change within and across individuals and species. With these 
3 




The field of geometric morphometrics provides the tools for quantifying and 
analyzing patterns in shape variation and covariation with other variables (Bookstein 1991). 
Modern geometric morphometrics has its roots in traditional morphometrics which used 
linear measurements of organisms to answer questions about shape change with size 
(allometry) and to classify organisms taxonomically. Traditional morphometric methods 
were unable to overcome the confounding effects of size inherent in linear measurements, 
and results often included a significant effect of size change rather than pure shape change. 
They were also unable to visualize changes between objects, and results were usually simple 
scatter plots of one measurement vs. another or linear combinations of the various 
measurements rather than one shape vs. another directly (Rohlf and Marcus 1993, Rohlf 
1999). 
Geometric morphometrics 
A relatively recent revolution in shape analysis has led to an increased ability to 
rigorously capture and compare shapes of organisms (Rohlf and Marcus 1993). The new 
geometric morphometric methods use the X and Y coordinates of homologous landmarks 
rather than the distances between them. They provide a better way to capture and compare 
shapes, to quantify the amount of shape difference between objects, and graphically depict 
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how shape differs between objects. Geometric morphometric methods also provide statistical 
methods that were specifically developed for these data sets (Bookstein 1991). The new 
methods have the added advantage of preserving the geometric relationships between the 
points, which allows for more intuitive comparison of shapes and allows the creation of 
hypothetical shapes that may not exist in nature. 
To overcome the confounding effect of size, geometric morphometrics uses centroid 
size as the measure of size because it is uncorrelated with shape in the absence of allometry 
(Bookstein 1991). Therefore, once size effects are removed, only shape variation remains. 
Centroid size is defined as the sum of squared interlandmark distances. When set equal to 1 
for all specimens, size has been removed but can still be accessed for studies requiring size 
information (e.g. allometry). 
Generalized Procrustes Analysis 
Using Cartesian coordinates of landmark points introduces the problem of aligning 
specimens on the Cartesian grid to remove non-size related variation in position and rotation. 
Geometric morphometrics uses Generalized Procrustes Analysis (GPA) to superimpose the 
objects and compare each specimen's aligned landmark configuration to an average shape 
(Rohlf and Slice 1990). GPA aligns objects using least-squares optimization and standardizes 
objects to have unit centroid size. A consensus, or average shape, is calculated and all objects 
are aligned to it. Specimens' differences from the consensus are used to compare the shapes 
after projection from high dimensional curved shape space onto a linear tangent space. In 
tangent space shape differences can be visualized using thin plate splines, which model each 
configuration as points on a grid. The consensus shape represents the average, unwarped 
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grid, and each object can be visualized as a distortion of that grid to align its landmarks to 
those of the consensus. Standard linear statistical methods can be used in tangent space. 
Sliding landmarks 
Finding homologous landmarks is not always possible on some shapes. Bookstein 
(1997) proposed using sliding or semi-landmarks which relaxes the placement of specified 
landmarks by allowing them to slide along the line joining two other fixed or movable 
landmarks (Bookstein 1997). Semi-landmarks slide until the amount of bending energy 
required to match objects to the consensus is minimized (Bookstein 1997). They are 
particularly useful for curved features that contain valuable information about shape but lack 
other obvious homologous points. 
The Genus Rhi~oprionodon 
The genus Rhizoprionodon, commonly called the sharpnose sharks, comprises seven 
species, R. acutus, R. lalandii, R. longurio, R. oligolinx, R. po~osus, R. taylo~i, and R. 
ter~~aenovae. The genus is in the family Carcharhinidae, within the order Carcharhiniformes, 
within the class Chondrichthys (Springer 1964). Species are similar in appearance and can be 
distinguished by geography, vertebral counts, and sometimes size (Springer 1964). Most are 
less than l m total length, with the largest reaching approximately l .5m (Springer 1964). All 
are viviparous with yolk-sac placenta (Springer 1964). 
Collectively, Rhizoprionodon species inhabit nearly all tropical, shallow ocean waters 
(Compagno 1984). Along the east coast of North America, Rhizopr~iondon te~r~aenovae are 
the most common shark species encountered by commercial fishing operations (Gelsleichter 
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et al. 1999), but their reproductive biology is believed to help them maintain healthy 
population levels (Simpfendorfer 1999). 
Gelsleichter et al. (1999) characterized the diet of R. te~r~aenovae as "generalized," 
finding primarily mollusks and small teleost fish such as flounder in the stomachs of 129 
individuals. Simpfendorfer (1999) found that R. tayloj~i, the only species to inhabit the 
northern coast of Australia, maintained a similar diet. He also noted that juveniles tended to 
eat more small crustaceans such as prawns than adults did. R. acutus, R. lalarrdii, and. R. 
porosus are also known to consume an assortment of small bony fishes and invertebrates 
such as shrimp, squid, and sea snails (Compagno 1984). 
Rhizopr~ionodon species have 23-33 upper teeth and 21-34 lower teeth. Teeth of the 
different Rhizop~ionoc~on species appear very similar to each other, as well as to those of 
Sphyrnid sharks (Springer 1964). This similarity has made identification of fossil teeth 
difficult, and Springer (1964) was unwilling to even explore possible extinct species of either 
genus. 
Phylogenetic comparative method 
Comparative studies that measure characters of closely related taxa are very common. 
One or more variables are measured across a group of taxa and standard regression methods 
are used to determine whether the evolution of the traits is correlated. However, standard 
regression methods rely on the assumption that the sample was taken from a normal 
(Gaussian) distribution. The only model of evolution that meets this assumption is one of a 
single adaptive radiation event (Felsenstein 1985). Only in this model can each species be 
treated as an independent data point whose history is unaffected by the histories of the other 
taxa examined. Unfortunately, adaptive radiations are unlikely to explain the relationships 
between most groups of taxa. Therefore, most taxa in a sample of close relatives cannot be 
treated as independent points and standard statistical methods cannot be used. Many methods 
have been proposed to "correct" or account for phylogeny, or hold phylogeny constant so 
that changes in the measured characters can be examined independent of the organisms' 
common evolutionary histories. Felsenstein's (1985) independent contrast method compares 
X and Y values at adjacent branch tips in a phylogeny. These tips can be treated as 
independent because each branch is assumed to evolve following a Brownian motion model, 
thus accumulated changes occur independently in each line after a split. Contrast values at 
the nodes are also compared the same way, resulting in a set of n-1 independent contrasts, 
where n is the number of taxa on the tree. These contrast values are "phylogenetically 
corrected" and can be analyzed using standard statistical methods. Maddison (1991) 
incorporated this method into his algorithm for estimating ancestral states of univariate 
characters because the X values at each node are the local squared-change parsimony 
estimates of ancestral values. 
Ancestral Shape Estimation Methods 
Methods to estimate ancestral states have been developed by researchers in order to 
compare character changes over evolutionary time. These methods are often used for 
organisms with incomplete or uninformative fossil records, but their estimates cannot be 
verified. The tools of geometric morphometrics allow ancestral shapes to be estimated 
because hypothetical shapes can be calculated and visualized from shape data mapped onto a 
phylogenetic tree (Rohlf 2002). While multiple methods based on various models of 
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evolution have been developed for estimating ancestral forms, few can be rigorously tested 
because organisms rarely leave behind ancestral forms for comparison to the estimates. 
Sharks do have a rich fossil record and awell-estimated phylogeny, making them ideal 
candidates for testing ancestral prediction methods and models of evolution. 
The model 
Maddison (1991) incorporated Felsenstein's (1985) independent contrast method for 
phylogenetically correcting comparative data into his algorithm for estimating ancestral 
states of univariate characters because the X values at each node are the local squared-change 
parsimony estimates of ancestral values. McArdle and Rodrigo's (1994) matrix version of the 
algorithm made the method applicable to multivariate data, such as shape data. Rohlf (2002) 
applied McArdle and Rodrigo's (1994) matrix version of Maddison's (1991) algorithm for 
estimating ancestral states to multivariate shape data. 
The method equates the product of a matrix of regression coefficients and a matrix of 
the unknown ancestral states to the known tip values and solves for the ancestor state matrix. 
It is based on squared-change parsimony, which follows a Brownian motion, or random 
walk, model of evolution when branch lengths are included in the tree (Rohlf 2002). 
Mapping data onto an independently created phylogeny also removes the effects of 
phylogeny in order to meet the assumption of independence of data points so that standard 
statistical methods can be used to compare teeth of related species (Ridley 1983). Comparing 
ancestral estimates to modern and fossil teeth can reveal things about models of evolution 
used to estimate ancestors and evolutionary patterns though time. 
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CHAPTER 2. GEOMETRIC MORPHOMETRIC ANALYSIS OF SHARK TEETH 
OF THE GENUS RHIZOPRIONODON: THE MODERN, THE ANCIENT, AND THE 
HYPOTHETICAL. MODERN TOOTH SHAPE ANALYSIS AND TEST OF 
ANCESTOR PREDICTION METHODS BY COMPARISON TO FOSSIL SHAPES 
A paper to be submitted to Evolution 
Aspen Garry 
Abstract 
Shark teeth are extremely common in the fossil record, and they can potentially 
provide insight into the evolutionary history of sharks. However, isolated fossil teeth are 
difficult to assign to the correct jaw, position, and taxon without an organismal context 
because individual sharks exhibit a variety of tooth shapes. Tooth shape varies across jaws, 
positions within each jaw, and taxa. Modern shark tooth shapes of fve extant 
Rhizopj~ionodon species and three closely related genera (Loxoclon, Eusphy~a, and Sphy~na) 
were quantified and analyzed using geometric morphometric methods. These modern tooth 
shapes were mapped onto a phylogeny of the group that had been independently estimated 
using DNA sequence comparison. Ancestral tooth shapes were estimated for interior nodes 
of the tree and compared to fossil teeth from Rhizopj~ionoclon and Sphv~na. Fossil tooth 
shapes more closely resembled modern tooth shapes than the estimated. ancestral shapes 
based on the phylogeny. This suggests that tooth shape does not change according to the 
Brownian motion model used to predict ancestral shapes. It is proposed that functional 
constraints on shark tooth shape limit the variability of these characters, thereby causing 
tooth shape variation to differ from predictions from models of Brownian motion. 
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Introduction 
As biologists, we are curious about the world around us. We ask questions about how 
things are, how they got to be that way, and what they used to be like. Evolutionary theories 
give us a means to answer these questions. Unfortunately, we are only able to look at the 
current state of the world, and are therefore forced to make inferences about the past. Many 
methods have been developed for making those inferences increasingly accurate, and 
combining genetic information with morphological and ecological observations has led to 
some very detailed estimates of past life and the processes that acted on them to create the 
world we see today. 
Fortunately, some organisms of the past have left behind hints of their evolutionary 
histories in the form of fossils. In these cases the fossils anal their geologic context can be 
studied in order to make assertions about their ecology and the paleoenvironment. These 
patterns can often be followed as a series of snapshots through geologic time. Major events in 
the history of life on Earth have been deduced following this protocol. 
Sharks have the most continuous fossil record of any vertebrate (Maisey 1984). 
Sharks produce and lose teeth constantly throughout their lifetimes, which results in 
thousands of teeth produced, per individual, per lifetime (Moss 1967). However, the 
cartilaginous skeleton of sharks degrades quickly, and the more robust hard parts such as 
scales (dermal denticles), vertebrae, and teeth are easily scattered, leaving few clues about 
their original configurations. Fossil shark teeth almost always exist as isolated individuals, 
making specific details difficult to acquire from the fossil record of sharks. Most sharks have 
differently shaped teeth in their upper and lower j aw, and in different positions around a 
single jaw (Cappetta 1987, Gomes and Reis 1991). This heterodonty has befuddled shark 
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paleontologists because without an organismal context, assigning isolated individual fossil 
teeth to a taxonomic group can be very difficult. As a result, fossil species described on the 
basis of one or a few teeth often. prove to be invalid (Cappetta 1987). Fortunately tooth shape 
variation within and between jaws follows distinct, highly structured patterns. The tools of 
geometric morphometrics provide ways to quantify and analyze such patterns and their 
covariation with other variables (Rohlf and Marcus 1993). 
Ancestral shapes can be estimated using geometric morphometric methods when a 
phylogenetic tree is available (Rohlf 2002). Several methods have been developed for 
estimating ancestral forms, but few can be rigorously tested because organisms rarely leave 
behind ancestral forms for comparison to the estimates. Sharks, however, have an excellent 
fossil record and robust estimate of phylogeny based on molecular data, making them ideal 
candidates for testing ancestral prediction methods and models of evolution. 
This paper explores patterns of tooth shape variation in extant species, and the extent 
to which individual modern shark teeth can be accurately assigned to their original genus, 
species, jaw, and position within the jaw. This information is then used to interpret tooth 
shape variation in fossil teeth. Ancestral tooth shapes are estimated using a phylogeny, and 
tested to determine whether tooth. shape change fits a Brownian motion, or random walk, 
model of evolution. Tooth shape variation for eve of the seven species of the genus 
~hizop~ionodon (family Carcharhinidae) plus one closely related species (Loxodon 
mac~o~hinus), and two species with similar tooth shapes (Eusphyra blochii and Sphyrna 
lewini, family Sphyrnidae) were examined. A collection of fossils assigned to these genera 
was also examined. The tooth shapes measured for these eight modern species were used in 
concert with an independently constructed estimate of phylogeny to estimate ancestral tooth 
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shapes. A comparison of estimated ancestral tooth shapes and real fossil tooth shapes 
provides an assessment of the effectiveness of the estimation procedure. These steps may 
facilitate use of the extensive shark fossil record by providing a more rigorous way to 
classify fossil shark teeth. 
Materials and Methods 
Tooth acquisition 
Teeth were obtained as whole, alcohol-stored sharks, dried jaws, or as prepared tooth 
sets. Jaws were removed from whole specimens and teeth were removed from one side of 
both upper and lower jaw. For dried jaws, cartilage on one side of the upper and lower jaws 
was softened in warm water so teeth could be removed intact. Individual teeth were stored in 
labeled containers. Teeth were soaked in a commercially available 3%hydrogen peroxide 
solution and cleaned under a binocular microscope. Fossil teeth needed no further 
preparation and were photographed as-is. 
Whole shark specimens were borrowed from The Academy of Natural Sciences in 
Philadelphia, PA (Rhizoprionodon spp.); and the National Museum of Natural History in 
Washington, D.C. (Rhizop~ionodon spp.), dried jaws were borrowed from the Natural 
History Museum of Los Angeles County Ichthyology Department (Rhi~op~ionodon spp.), 
and fossil shark teeth were borrowed from the Natural History Museum of Los Angeles 
County vertebrate Paleontology Department (Rhizop~~ionodon spp. and Sphy~na spp.). A full 
list of species and catalog numbers can be found in the Appendix. 
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Tooth photography and data collection 
Carcharhinid shark teeth are, for the most part, two-dimensional structures. A tooth 
that is approximately 6mm wide and 4mm tall is only about 1 mm thick. Additionally, there is 
no vertical surface with measurable features, as the sharp serrated edges of teeth are found at 
the intersection between the flat labial and lingual sides of the tooth. Teeth were placed on 
the more stable labial side, and photographs were taken of the lingual side of each tooth. 
Photographs were taken using a Nikon DXM 1200 digital camera affixed to a Nikon 
SMZ1500 binocular microscope. Each 3840 x 3072 pixel jpeg image was obtained using the 
Act-1 software (version 2.2) and enhanced using built-in image quality controls to maximize 
visibility of landmark points on the tooth. Additional image adjustment was performed in 
Adobe Photoshop 7 to further enhance landmark visibility. Adobe Photoshop was also used 
to reflect images of some teeth so teeth from all parts of the jaw were comparable. 
Nine landmarks were chosen along the margin of the crown to capture tooth shape 
(figure 1). The crown is the most durable part of the tooth and resists chemical and physical 
deterioration. No landmarks were recorded from the root portion of the tooth because it 
tended to deteriorate during removal from jaws, soaking, and cleaning. The crown of fossils 
also shows less damage and wear than the root portion. The nine landmarks were chosen 
because they were found to be the most consistently quantifiable points on both modern and 
fossil teeth. After broken teeth were removed from the data set, 829 total teeth remained, 
comprising 744 teeth from 37 extant individuals and 85 fossil teeth. 
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Figure 1. Consensus shape calculated using 829 modern and fossil teeth. Solid circles represent fixed 
landmarks, open circles represent semi-landmarks. 
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Modern tooth shape analysis 
X-Y coordinates of nine landmarks on each tooth were recorded using tpsDig version 
1.36. These initial landmark configurations were used to obtain the shape variables that 
quantify the shape of each tooth. However, before shapes can be compared, extraneous non-
shape variation, from differences in placement and orientation during photography as well as 
size, must be removed. TpsRelw version 1.31 was used to perform a Generalized Procrustes 
Analysis (GPA) to remove non-shape variation and place all objects in a common coordinate 
system (Rohlf and Slice 1990, Bookstein 1991). Shape variables were obtained from the 
aligned coordinates as a set of partial warp scores (Bookstein 1991) and the standard uniform 
components (Bookstein 1996, Rohlf and Bookstein 2003). Partial warp scores for each tooth 
represent each individual tooth's shape difference from the consensus, or average specimen 
for this dataset (Bookstein 1991). These data were subjected to a series of multivariate 
statistical analyses using JMP version 5.0. 
Semi-landmarks 
One of the newer additions to the geometric morphometrics toolbox is the use of 
"sliding" or "semi-" landmarks (Bookstein 1997). They are initially placed between two 
specified stationary landmarks and designated as "movable" by an auxiliary data file. The 
semi-landmarks are allowed to slide between the two stationary points and settle in locations 
that minimize the bending energy required to align the shapes in the dataset. Type III 
landmarks, which are defined by some criteria external to the organism (Bookstein 1991), are 
obvious choices to be sliding landmarks because they can capture shape variation in shapes 
without obvious homologous points. The 4semi-landmarks used in this data study are shown 
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in figure 1. They were placed on the long, sloping edge between landmarks 1 and 5 in order 
to capture morphological variation in regions of curvature diagnostic of the taxa examined. 
Statistical tests 
Shape differences between upper and lower jaws, across tooth positions, between 
modern and fossil species, between the two represented fossil genera, and between in-group 
and out-group species were examined using Multivariate Analysis of Variance (MANOVA). 
Because shark teeth display a highly structured pattern of shape variation from the front to 
the back of the jaw, tooth position must be accounted for when comparing shape differences 
between species. This was achieved using Multivariate Analysis of Covariance 
(MANCOVA) where tooth position was treated as the covariate. 
Ancestral shape prediction 
Homologizing 
Different shark species often have different numbers of teeth (Compagno 1984, 
Springer 1964), which makes the identi~ cation of homologous teeth across species 
impossible. Following the "homologizing" procedure of Naylor and Marcus (1994), an upper 
and lower "pseudoseries" of teeth with the same number of teeth per jaw was created for 
each species. This facilitates homologous comparison across species. The average tooth 
shape for each position was calculated for each species, reducing each species to a single 
representative trajectory. Tooth position one was discarded, as teeth from this position tend 
to be oddly shaped and did. not follow the same shape change trend along the jaw. For each 
species, the trajectory representing shape change along the jaw was estimated using a 
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quadratic regression in the PC 1-PC2 representation of shape space. From this, a set of 10 
equally spaced points along the trajectory were determined, where the first and last point 
corresponded to the first and last tooth of the data. Cartesian coordinates for each 
homologized location were obtained by projecting PC scores on the transpose of the PCA 
vectors (where scores for PC3 and higher were replaced with zeros: see Rohlf 1999). The set 
of X, Y coordinates for each homologized tooth was then used for ancestral shape prediction. 
Ancestor estimation 
Mapping additional data such as shape information onto a phylogenetic tree and 
looking for patterns is useful for tracking shape change through evolutionary time. Ancestral 
tooth shapes were estimated for each homologized position using a phylogenetic tree based 
on maximum likelihood with relative branch lengths (figure 2) (Faria et al. in prep). This was 
done using Rohlf's (2002) incorporation of McArdle and Rodrigo's (1994) matrix version of 
Maddison's (1991) algorithm for estimating ancestor states in his tpsTree software (version 
1.17). The method equates the product of a matrix of regression coefficients and a matrix of 
the unknown ancestor states to the known tip values and solves for the ancestor state matrix. 
It is based on squared-change parsimony, which follows a Brownian motion, or random 
walk, model of evolution when branch lengths are included in the tree (Rohlf 2002). The 
phylogeny used here (figure 2) was a maximum likelihood tree with relative branch lengths, 










Figure 2. Rag-1 tree with relative branch lengths. 
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Ancestral shapes at each node of the tree were calculated. This information was used 
to assess patterns of tooth shape change over the tree. This also removes the effects of 
phylogeny in order to meet the assumption of independence of data points so that standard 
statistical methods can be used to compare teeth of related species (Ridley 1983). Ancestral 
estimates and homologized modern teeth were compared to the fossils to see which are more 
similar to the fossils. 
Statistical tests 
In order to determine whether the ancestral estimates were likely predictors of actual 
ancestral tooth shapes, each fossil's nearest non-fossil neighbor was determined by 
calculating Euclidean distances between fossil and non-fossil shapes. The type of tooth 
closest to each fossil was recorded, and counts of each type were compared using X2 tests. 
Upper and lower teeth were compared together and separately. More fossils near ancestral 
estimates would support the idea that tooth shape changes according to the model of 
evolution used to calculate ancestral tooth shapes, in this case the Brownian motion model. 
Euclidean distances were also calculated to determine whether fossils were more similar to 
teeth at any particular position. 
Results 
Modern shape analysis 
The consensus tooth is shown in figure 1. It was calculated using all 829 fossil and 
modern teeth. 63.97% of total shape variation was explained by the first principal 
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components axis, the first two axes explained 81.31 %, and 87.43 %was explained by the first 
three axes. 
Principal components analysis (PCA) plots indicate that PC 1 roughly represents 
shape differences between tooth positions (figure 3A). PC2 largely reflects shape differences 
between upper and lower jaws as well as between species' trajectories (figure 3B). PC3 
predominantly reflects shape differences between fossil and modern teeth (figure 4A-C). The 
upper and lower j aw groups overlap at higher tooth positions (the back of the jaw), indicating 
that front teeth are more different between jaws while back teeth of upper and lower jaws 
resemble each other. Modern teeth lie on a curved surface, while fossil teeth lie on a smaller 
curved surface nested below the modern one. While each tooth represents a single point in 
shape space, connecting the teeth in a single modern jaw defines a continuous trajectory. 
Each species' trajectory forms a curve in the PC2 vs. PC 1 plane (figure 5). MANCOVA 
results show significant difference between fossil and modern teeth, upper and lower teeth, 
different species, and teeth of Rhizop~ionodon spp. vs. the other species (table 1). Further, the 
significant tooth position by species interaction term supported the visual assessment of the 
PCA plot, where species trajectories did not appear parallel. This also implies that tooth 
positions cannot be compared individually because there are different degrees of shape 
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Figure 5. Average jaw trajectories. Connecting teeth sequentially shows the continuous trajectory of 
shape change along the jaw. Tooth position 1 is at the left and increases to the right for all species 
in both the upper and lower jaws. A: upper jaw, B: lower jaw. 
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Table 1. MANCOVA results for comparison of different species, types, and jaws. 
Modern teeth F-value p-value 
Are upper teeth different from lower teeth? YES 1..7223 p<0.0001 
Is there significant tooth positron by 
species interaction? YES 0.0604 p<0.0001 
Are species trajectories different? YES 0.3346 p<0.0001 
Are Rhizoprionodon spp different 
from the other species? YES 0.4385 p<0.0001 
Fossil teeth 
Are the fossil genera different? YES 0.9673 p<0.0001 
Modern vs. fossil teeth 
Are modern teeth different from fossil teeth? YES 0.4992 p<0.0001 
Comparison of fossil shapes to ancestral and extant shapes 
Average jaw trajectories for each species are shown in figure 5. The average jaws 
with their fitted quadratic curves are shown in figure 6A-B. The quadratic equations often did 
not approximate the data very well, and R' values ranged from near zero for the upper R. 
te~~aenovae trajectory (which is nearly a horizontal line), to 0.925 for the lower R. po~osus 
trajectory. 
Principal components plots of homologized modern, ancestor, and fossil teeth are 
shown in figures 7A and 8A-B. Not surprisingly, many of the patterns seen in the original 
modern teeth can also be seen in the homologized and ancestor teeth. Both homologized 





O R. longurio 
R. porosus 
~~ R. terraenovae 
E. blochii 
O S. lewini 
• L. macrorhinus 
O 






O S. lewini 
• S. macrorhinus 
O 
O 
Figure 6. Quadratic curves fit to average jaw trajectories. Each species has a unique quadratic curve. 
The range of each curve was divided into 10 equal pieces that represent sets of homologized 
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Figure 7. Shape comparison of homologized modern teeth, ancestral estimates, and fossil teeth. A: 
colored by tooth position. Circles represent homologized modern teeth, squares represent 
ancestral estimates, X's represent fossils. B: colored by homologized modern (red), ancestral 
estimate (blue), and fossil (X) groups. Modern shapes completely encompass the ranges of 
ancestral and fossil shapes. Ancestors are constrained to lie within the range of modern teeth, 
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Figure 8. Shape comparison of homologized modern (circles) teeth, ancestral estimates (squares), and 
fossils (X's). Both plots are colored by tooth position. A: upper, B: lower. 
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individual trajectories, and teeth still separate into upper and lower groups that overlap at 
tooth positions at the back of the jaw. This suggests that the homologizing procedure did not 
distort the tendency of patterns present in the original data. All of the ancestral estimates and 
fossils fall within the range of homalogized modern teeth; however the majority of fossil 
teeth fall in a tight -group between the upper and lower jaw groups. 
Euclidean distances and X2 tests to determine whether fossils are more similar to 
ancestral or modern teeth indicate that fossils are more similar to modern teeth than to the 
ancestral estimates. Euclidean distances also indicated that the largest number of fossil teeth 
resembled homologized tooth. position one (which corresponds to tooth position two in the 
animal after teeth from position one were removed), followed by positions three and four. 
Conclusions and Discussion 
For sharks, fossil teeth represent the only record of their evolution through time, but 
their inherent variability at the individual, species, and genus levels has kept them from being 
used to unravel the evolutionary history of this group. In this study, 829 fossil and modern 
shark teeth were examined from five species of the genus Rhizop~ionodon plus 
representatives of three closely related genera in an effort to understand how shark tooth 
shape evolves through time. Geometric morphometric analyses were used to quantify and 
describe tooth shape variation among the taxa. Tooth shapes were most distinct across jaws, 
and were more distinct between tooth positions at the front of the jaw than at the back. Teeth 
could be distinguished among genera, but not among the species of Rhizoprionodon. When 
fossil teeth were compared to estimated ancestral tooth shapes, it was revealed that fossil 
teeth more closely resembled those from extant taxa than they resembled the teeth 
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reconstructed for phylogenetic ancestors. Thus, shark tooth shapes do not follow a Brownian 
motion model of evolution. 
Teeth from different jaws can be distinguished with a high degree of certainty. This is 
especially the case for those teeth coming from the front of the jaw. Determination of tooth 
position within a jaw is more difficult to distinguish, though it can usually be estimated to 
within one or two positions, especially toward the front of the jaw. This analysis shows that 
there is more shape difference at the front of the jaw than at the back, making teeth of both 
jaws and all species examined hard to distinguish for positions toward the back of the jaw. 
Accurately assigning teeth to one of a set of closely related species or similar looking genera 
is confounded by the fact that species trajectories intersect. Further, assignment of modern 
teeth to a position and taxon requires knowledge of the pattern of variation within each jaw. 
Ideally, all species would have perfectly parallel but distinctly separated trajectories around 
the jaw. This would allow identification of tooth position for each species and make each 
tooth position of each species distinguishable. The data presented here show that modern 
Rhizop~ionodon species trajectories are not parallel (figure 5), and most of the time they 
cannot be distinguished from each other. However, the L. macrorhinus and S. lewini 
trajectories are somewhat distinct from the Rhizoprionodon group of traj ectories, which 
means that, among the taxa surveyed, isolated teeth may be assigned to the correct genus, but 
not species. This is supported by observations from Reis and Gomes (1991). 
The patterns described above were determined using modern teeth and apply to the 
modern species examined, and in order to assign fossil shark teeth correctly it must be 
assumed that the same patterns apply to the ancient shark species as well. Fossil tooth shapes 
separated from the modern shapes along the third principal components axis. Separation of 
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modern and fossil shapes also indicates that assigning fossil teeth to modern genera and 
species could be problematic because clear differences exist in how modern and fossil teeth 
vary. Applying modern trajectories to ancient species may result in mis-assigning fossil teeth 
to modern genera and species. Instead of comparing the fossil sample directly to the modern 
teeth, fossils were compared to estimated ancestral teeth. However, the results of the X2 tests 
show that fossils are more similar to the modern teeth than to the ancestral estimates. There 
are several explanations that could account for the lack of agreement between fossil tooth 
shapes and ancestral estimates, including the fact that fossils are identified based on modern 
forms and the uncertainties of ancestral state prediction. 
Clearly, many fossils represent ancestors of modern genera and species, but many 
represent extinct lineages that do not have modern descendants. Therefore, restricting the 
identification of fossil sharks to modern taxa ignores the fact that changes in shape may have 
occurred between the ancient and modern sharks that are not reflected in the shape variation 
of modern taxa. On the other hand, this does not warrant the creation of new genera and 
species for every tooth that is discovered. If similar patterns of shape variation existed in 
ancient species, then assigning fossil teeth accurately to their original species will be at least 
as difficult, if not more so, because we don't know the ancient jaw trajectories or their 
relationships to those of other ancient species. 
Estimating ancestors involves a multitude of assumptions. All current methods of 
ancestral state reconstruction (e.g., squared-change parsimony) are based on a phylogeny and 
the observed data of extant taxa. Thus, ancestral estimates are constrained to fall within the 
convex hull described by the range of variation present in modern forms. However, it is 
entirely possible that character change through time exceeds the boundaries defined by 
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modern forms, but our current methods of estimating ancestral states cannot address this 
issue. Because the fossil teeth used in this study were all located within the range of variation 
expressed by modern teeth, one might suggest this as supporting the notion that evolutionary 
change is gradual and Brownian (see figure 7B). However, a second necessary component of 
character change according to Brownian motion is that ancestral states are closer to observed 
fossils than the fossils are to modern forms. The data presented here demonstrates that this is 
not the case. Thus, while fossil teeth are within the expected bounds defined by their modern 
counterparts, the evolution of tooth shape has not followed the expected path. 
One situation for which a Brownian motion model is not expected to be a good 
explanation of evolutionary change concerns the evolution of functional structures. Teeth 
play an integral role in the survival of sharks, and are therefore under strong selective 
pressure to perform specific functions. Different shark species live in different environments, 
eat different foods, and have different shaped teeth that are specialized for handling specific 
prey. Because of this, it is expected that changes in the shape of sharks' teeth from ancestors 
to descendants would be abrupt, rather than gradual. Had tooth shape evolved according to a 
random diffusion process, real ancestral teeth would be averages of the modern shapes, 
effectively making them generalized feeders. However, modern sharks occupy specialized 
niches, and it is reasonable to assume that ancient ones did as well. Tooth shapes for each 
niche would be selected for because with the wrong shaped teeth, the shark will not survive 
to reproduce. The same reasoning may be applied to any functional character because 
selection drives them according to the organism's biological and ecological setting to 
perform a specific task. Therefore, characters that are functionally constrained are more 
likely not to evolve following a Brownian motion model. Instead, they will show little 
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change, followed, perhaps, by sudden large changes in morphology, which are related to 
shifts in functional niches. Interestingly, covariance between taxa due to punctuated change 
can be incorporated in phylogenetic comparative models (see Hansen and Martins 1996 and 
Martins and Hansen 1997), and in such cases these would be expected to yield a better fit to 
the data. Shark teeth provide an excellent way to test the model because they have both 
modern and fossil forms, and in this case the model provides a poor fit. Given this result, 
caution should be used when estimating ancestral forms of any organism based on extant 
variation. 
Tooth function may also explain why teeth from different positions at the front of the 
jaw can more easily be distinguished than teeth at the back of the jaw. This can be confirmed 
by visual inspection of the teeth themselves, and justified by thinking about the function of 
the teeth. Teeth at the back of the jaw tend to be very small, with the cusp pointed posteriorly 
in all species. Physically, size reduction is necessary because teeth must be small enough to 
allow the mouth to close. Functionally, teeth at the front must be large and sharp enough to 
effectively capture and handle they prey eaten by a particular species. Teeth at the back are 
not as directly involved in handling prey, so they need not be specialized to handle different 
prey types. These factors may explain why front teeth can be more easily assigned to the 
correct jaw, position, and species than back teeth. These factors may also emplace a bias in 
fossil collections of museums, one of which was the source of the fossil teeth used in this 
study. Teeth from the front of the jaw will be more prevalent in collections because they are 
easier to identify. When confronted with an assortment of fossils, collectors are probably 
more likely to attempt to identify the more distinct front teeth and leave the small, difficult to 
distinguish back teeth unidentified. Therefore, this collection of fossils was pre-filtered by 
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whoever identified them because distinct front teeth will be identified and cataloged, and 
ambiguous back teeth will be left unidentified and ignored when teeth from a specific taxon 
are requested. This may also explain why the fossil sample used here fell around modern 
tooth positions three and four and was not evenly distributed across tooth positions. 
There are also cases in which functional characters are likely to follow the Brownian 
motion model. Felsenstein (1985) stated that the only model of evolution that results in 
independent terminal values is one of simultaneous radiation from a single ancestor followed 
by random change along each branch. In the case of adaptive radiations, functional characters 
are no different from more randomly evolving characters and can follow a Brownian motion 
model of evolution. 
This analysis captured shape differences between teeth of five Rhizopr~ionodon 
species and S. lewini and L. mac~o~hinus, but not between individual species within 
Rhizop~ionodon. Real fossil tooth shapes were also closer to modern tooth shapes than to 
estimates of ancestral tooth shapes. A Brownian motion model of evolution was used to 
estimate ancestral tooth shapes, and the disagreement between fossil shapes and estimated 
shapes leads to the conclusion that tooth shape does not change according to the Brownian 
motion model. Although most attempts to estimate ancestral character states rely on this 
model, not all characters should be expected to follow a specific model. In the case of shark 
teeth, the functional nature of teeth may explain why their shape change through time is not 
consistent with the Brownian motion model. Sharks are an excellent group to test ancestral 
prediction methods because their fossils represent actual ancestors that can be compared to 
the estimates. Few other taxa provide this opportunity, and given the results of this study, 
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caution should be exercised when analyzing ancestral estimates for taxa without fossils to 
compare to those estimates. 
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APPENDIX. LIST OF SPECIMENS 
Academy of Natural Sciences 
Rhizopr~ionodon acutus 
R. lalandii 




Natural History Museum of Los Angeles County (Ichthyology) 
Rhizop~ionodon longur~io 39276-29,39356- l , 39358-1 39359- 1, 39433-1, 39433-2, 
39433-5, 39433-6, 39433-7, 39433-8, 39433-9, 39433-
- 10, 39433-12, 39433-19, 39433-20, 39433-23, 39488-1 





150098, 150099, 150100, 150101, 150102, 150103, 150104, 
150105, 150106, 150107, 150108, 150109, 150110, 
15 0111, 15 0118, 16098, 16116, 16162 
103987, 10448, 10449, 115760, 133741, 135905, 135906, 
150081, 150082, 150083, 150084, 150085, 150087, 
150088, 150089, 150090, 150091, 150092, 150093, 
150094, 150095, 150096, 32832, 10454, 10468, 10469, 
115721, 115723, 128868, 128878, 133746, 133759, 
133763, 133765, 133766, 133767, 134497, 134499, 
134692, 134694, 134697, 134699, 134700, 134702, 
134703, 134704, 134706, 143051, 150138, 150139, 
150140, 150141, 150142, 150143, 150144, 150145, 
150146, 150147, 5716, 
133755, 133760, 128864, 130502, 134705, 138166 
130495, 134877 




R. te~j~aeno vae 
151235, 232985, 232987 
79291 
24793 
110908-13682, 110908-13689, 110936, 127099, 1271 OS 
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